Introduction FROM time to time the principal salt marsh areas of England have been subject to investigation, and a considerable body of information has been collected in connexion with the analysis of the environmental factors. The collection of such data occupies much time and, in general, each investigation has been essentially a study of one or two particular factors (Steiner, 1934; Wiehe, 1935) . Many of these studies have concerned themselves with relatively small marsh areas, since these present an apparently easier problem. Small marshes, however, are very often formed as a result of a shingle bar enclosing a small area, leaving only a narrow outlet. These "closed" marshes characteristically develop much more rapidly than large "open" marshes, and in any study of V. J. CHAPMAN 145 such small marshes this rapid development and consequent compression of the developmental phases must be borne in mind.
There are at least ten major factors of the environment which may operate on any salt-marsh area. Few of these factors act wholly' independently of the others, and hence an ideal study of a salt marsh would have to include a consideration of them all, but the time available for collecting data is usually limited. Any study that concerns itself with one or two factors must be interpreted with caution in the light of possible interference from any of the other unknown factors. The ideal ecological study should also include a detailed investigation of the habits and requirements of the dominant species; in other words, it demands a series of autecological studies. Such studies will undoubtedly be facilitated by a quantitative knowledge of the environmental factors. This information should permit the devising and carrying out of a series of field and laboratory experiments, designed to indicate exactly how far each factor is responsible for the behaviour and distribution of the individual species. Very few experiments of this nature have as yet been recorded in the literature. A few preliminary attempts have been made in this direction during the present investigation, but again it has not proved possible to collect adequate data about all the important environmental factors.
The English salt marshes are usually characterized by the presence of both phanerogams and algae, the latter often in great abundance. This is in distinct contrast to the salt marshes of America (Johnson & York, 1915; Steiner, 1934) where the algae play an insignificant role. The marshes of Blakeney (Oliver, 1925-9) , Holme (Marsh, 1915; Conway, 1933) , Scolt Head (Chapman, 1934) , the Dovey (Yapp et al. 1917) , and the River Nith (Morss, 1927) , have been studied in respect of the phanerogams, whilst papers have appeared concerning the algal vegetation of the Blakeney Point (Baker & Blandford, 1912 , 1916 , Clare Island (Cotton, 1912) , Lough Ine (Rees, 1935) , Canvey and Dovey (Carter, 1934-5) marshes. In the present investigation a study has been made of both the algal and phanerogamic vegetation of Scolt Head Island in Norfolk, and an attempt has been made to secure a general picture of the series of marshes between King's Lvnn and Blakeney. This is because the present author is convinced that the marshes extending from the Wash to the Thames form an entity within what may be termed the Salt Marsh Formation of North Europe. It is probable that these east coast marshes exist under somewhat different conditions to those along the English Channel and the west coasts of England and Ireland.
Physiography
The marshes between Hunstanton and Blakeney have nearly all been built up behind shingle bars laid down on a wide sandy foreshore (Steers, 1934) . In places one can detect a succession of bars seawards, although many of the older ones have been obscured by the " inning " of the marshes. A diagrammatic Journ. of Ecology XXVI 10 146
Studies in Salt-marsh -Ecology picture of this general physiographic structure is seen in Fig. 1 . The oldest marshes are usually no longer wild and have been reclaimed for pasture land. When a geological investigation of the marshes was undertaken (Steers, 1934) , it was found that the oldest landward marshes neai the ancient sea cliff had a considerable depth of mud, whilst on the middle-aged and young marshes the mud was generally shallow. This difference can probably be explained two chief methods of salt marsh formation are briefly considered. Two alternative conditions of salt marsh formation may be distinguished:
(1) Marshes are formed during a gradual subsidence of the land. These marshes either possess a deep layer of silt or of peat, as in the New England marshes of N. America where one may frequently find a depth of 20 ft. of peat. The silting or organic accretion must take place at a greater rate than that at which subsidence proceeds or else no true salt marsh will ever be 147 formed (Richards, 1934; Nielson, 1935) . The great depth of mud (13 ft. +) on the old marshes near Brancaster Staithe suggests that they were formed during a period of coastal subsidence. The presence of peat beds at three different levels on the foreshore is evidence that subsidence has actually occurred in the past.
(2) Marsh formation takes place through the silting up of lagoons or areas protected by sand or shingle bars, without any accompanying land movement. The rise in level may be due to the deposition of silt or to the accumulation of plant remains, but in either case the thickness of the deposit will not be great, and will be less than the maximum tidal range (Nielson, 1935) . The shallow soil depth of the younger Norfolk marshes suggests very strongly that they have developed along these lines during a period of coastal stability.
It seems probable, therefore, that both types of salt marsh formation are represented in the Norfolk marshes. The actual process of development has been described in detail elsewhere (Steers, 1934) and hence need not be repeated here. One feature to which attention is worth calling is the gradation from salt marsh to fresh-water marsh which can be seen at Thornham and Brancaster. Such transitions are common on the eastern coast of North America, but this appears to be the first time that it has been recorded for the east coast marshes of England.' The relative lack of these transitions may be ascribed to the practice of enclosing ("inning") the older marshes.
The environmental factors
So far as the appearance and disappearance of most of the algal and phanerogamic communities are concerned, it is probable that the tides must be regarded as the major factor. These control the vertical distribution of many of the species, operating at high levels through the number of submergences and at low levels through the number of exposures. The subterranean aeration of the soil must also play a considerable part in determining the presence of some of the phanerogams. The horizontal distribution of the species at any given level may be regarded as under the principal control of drainage and salinity, although it is probable that certain species are controlled by other factors. It seems, therefore, that the most satisfactory results should be obtained by a detailed study of these primary factors, and the subsequent application of the knowledge so gained to an autecological investigation of the dominant species. The principal interacting factors on the Norfolk marshes appear to be the following (cf. also Nichol, 1935): (1) Tides.
(3) Drainage.
(5) Water-table. (2) Salinity.
(4) Aeration.
(6) Rainfall.
(7) Soil. The principal feature in the soil of these marshes is the high percentage of silt and clay. Their composition throws considerable light on ' A similar transition is said to occur on some Scottish marshes in the Firth of Forth.
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Studies in Salt-marsh Ecology the behaviour of the water movements and aeration, and it emphasizes further the difference between these marshes and those of New England and Ireland, where the soil is a loose spongy peat. Table I gives typical analyses of soils from different marshes on Scolt Head Island. (8) Evaporation. This factor is principally of importance in controlling the distribution of the algae. Throughout the summer evaporation takes place at such a rate that salt crystallizes out on the soil surface and upon the algae. Many algae will, however, occur in shaded areas at levels far above those at which they can no longer exist on the exposed open marsh.
(9) Temperature. Setchell (1920) has demonstrated that the occurrence of Zostera marina is associated with the temperature changes of sea water. It is doubtful whether this factor is important in controlling the distribution of the plants actually living on the salt marshes, but it may be significant in controlling the distribution of some of the algae, and possibly also Zostera nana and Ruppia maritima.
(10) Biota. This concerns the interrelations of the phanerogams, algae and animals.
It has been stressed in the previous section that the tide is the major factor of the environment. Before considering how the tides may influence the distribution of the vegetation, it is necessary to know something of tidal behaviour at different marsh levels, selecting, in particular, those levels which are related to plant distribution.
Technique
The methods by which the results were obtained have been described in detail in the recent handbook on Scolt Head Island,1 and need not be repeated here. The levels used in this investigation are all referred to an arbitrary datum, Island Zero Level (J.Z.L.) which is + 7 0 ft. O.D. The features investigated were (A)2 number of submergences per annum, (B, C) periods of greatest submergence, (D, E, F) maximum period of non-tidal exposure (one or more days during which no tide covers the marsh), (G) hours of submergence each month, and (H, I, J) hours of submergence in daylight. Daylight was taken as commencing one hour before sunrise and ending one hour after sunset. This may not be entirely justifiable but it forms a convenient standard. A summary of all these features is set out in Table II . It is not proposed to elaborate this further because a study of the table itself will be the most convenient means of understanding the conditions existing at the different levels. Table II is more elaborate than one published previously (Chapman, 1934, p. 125) , because more data have been available upon which the calculations could be based: hence it will be found that there are slight differences from the earlier table. When the first table was published, however, it was emphasized that the results for the hours of submergence each month were compiled from tidal charts for only 10 weeks, whereas the figures in Table II were obtained from charts for 19 weeks. There was also a wider choice of suitable periods for the purpose of calculating the hours of submergence in daylight, so that these figures also differ slightly.
Submergence per annum A detailed study of Table II indicates that the marshes above and below a level of + 1410 ft. I.Z.L. exist under very different conditions, and the plants on these marshes will be subject to the same differences. In an earlier paper the delimiting level was placed at + 1-30 ft. I.Z.L., but with the fuller information now available it is clear that 1410 ft. is the more correct figure. The fundamental differences are set out in Table III It is important to realize that on the upper marshes the periods of most frequent submergence occur:
(a) At the spring equinox, when the seedlings are just coming up. I have obtained some evidence which suggests that the density of certain species on the New England marshes may be determined by these spring floodings. Wiehe (1935) has also shown that the density of Salicornia europaea on the Dovey marshes is largely dependent upon the degree of flooding by the spring tides.
(b) At the autumn equinox in the fruiting season. Since the spread of many of the marsh plants is dependent upon the seeds being carried by the tide, the agent of dispersal is present at the critical period.
The rejuvenation of the desiccated marsh algae must also be secured by these tides and therefore the spring equinox series will be of the utmost importance in perpetuating the algal species. Between these two periods there is a long period of non-tidal exposure in the summer (two or more days during which no tide covers the marsh) when considerable desiccation occurs. The whitened remains of algae strew the ground, but some filaments remain alive through being buried in the soil or under the dead plants until the incidence of the autumn tides restores them to vigorous growth. This long summer exposure probably plays a fundamental part in limiting the upper boundaries of some species.
The relation of the phanerogams to submergence has been discussed elsewhere (Chapman, 1934) , whilst the relationship of the algal species is shown in Fig. 2 . It will be seen that fifteen species occur almost wholly on the upper marshes. Of these, nine are Cyanophyceae, a group which is particularly adapted to tolerate adverse conditions. Two species belong to the Phaeophyceae, one being a marsh Fucoid (Fucus ves'iculosus ecad. muscoides), whilst the other (Phaeococcus adnatus) is a microscopic soil form, which is sparse during the summer and attains its maximum abundance in the winter. The decrease of this species in summer may be correlated either with the long summer exposure or else with the salt encrustation (high salinity). The remaining four species are Chlorophyceae, of which Vaucheria sphaerospora can be regarded as a terrestrial species. Endoderma perforans is found principally in colonies of R'ivularia atra which serve as a protection against desiccation. Some evidence has been accumulated which suggests that Enteromorpha clathrata f. prostrata 152 Studies in Salt-marsh Ecology is a form developed purely as a response to conditions of exposure. It is worth noting that no species of Cyanophyceae is confined wholly to the lower marshes: their relative infrequency here is probably connected with competition or failure of the reproductive elements to secure a. foothold. Fig. 3 represents the ranges and number of annual submergences of thirteen communities of algae.
On the lower marshes it can be seen that there is a period of maximum submergence during the summer, in contrast to the long exposure on the upper marshes. Plants on these marshes, therefore, are not subject to the same degree of desiccation as those on the upper marshes. In a. study of the salt marshes of New England I have found that there is a. similar separation into upper and lower marshes, each having their own set of conditions, so that this feature is not an isolated phenomenon confined to the Norfolk marshes. The duration and number of non-tidal exposures are an important feature of the marshes, because they provide a clue to the degree of desiccation which each species may undergo. Fig. 4 shows Ptypical exposure charts calculated for the upper and lower limits of six phanerogamic species. The non-tidal exposures of thirty-six algal and eighteen phanerogamic species have been calculated. When the diagrams were drawn they were all found to be similar to one or other of those in Fig. 4 . At the high levels the long continuous summer exposure is very evident. true salt marsh algae descend below mean sea-level, though one or two have their lower limit near it.
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Hours of submergence in daylight It might have been thought that the inhibition of the passage of light by silt-laden water would be an important factor. The analysis of Table II , however, shows that it is doubtful whether this factor would have any significance above a level of -1.00 ft. I.Z.L., but it is perhaps worth while noting that only two phanerogamic species have lower limits below -1.0 ft. (Zostera nana and Salicornia herbacea agg.). It may well be, therefore, that the lower limit of the phanerogams is partially determined by the degree of submergence in daylight. Summary This study of the tidal factor has . served to emphasize four general features.
(a) The marshes can be divided into two sets, upper and lower, which exist under considerably different conditions of submergence and exposure. For the Norfolk marshes + 1.10 ft. I.Z.L. (8.10 ft. O.D.) is regarded as forming the delimiting level. The plants living on these marshes will be subject to the same difference of conditions, and it is worth noting that of the phanerogams studied, twelve species occur almost exclusively on upper or lower marshes whilst only six are found to frequent both. Twenty-seven Algal species live almost entirely on either the upper or lower marshes and only nine on both. It therefore seems as if the general conditions of the upper and lower marshes have a very real significance for the plants.
(b) One of the characteristic features of the upper marshes is the long non-tidal exposure in summer when desiccation may be severe. It was pointed out that the algal species which occur on high marshes are those which are peculiarly suited to withstand desiccation.
(c) None of the phanerogams studied have lower limits below mean sea-level.
(d) It is perhaps more than a coincidence that only two phanerogams descend below -1*00 ft. I.Z.L., the level at which the factor of submergence in daylight may begin to operate.
It is probable that the tidal factor has a greater influence upon the phanerogams than upon the algae, especially since the occurrence of the latter may be determined by other factors (phanerogamic vegetation, light, and space relations). Table IV is a summary of the principal conditions operating on the upper and lower marshes. A highly significant feature of this table is provided by a comparison of the maximum period of non-tidal exposure (10 days) on the lower marshes, with the minimum period (22 days) on the upper marshes. From Table II it can be seen that between + 1-09 ft. and + 1-23 ft. I.Z.L.
(1.75 in.) the rise of level is sufficient to bring about this big change in non-tidal 157 exposure, occurring between May and July at the hottest time of the year. This serves to emphasize more clearly the significance of the upper and lower marshes. Table IV Lower It cannot be too strongly stressed that these results only apply to the 4-miles of marshes on Scolt Head Island, but at the same time they probably provide an indication of the relation of the different species towards the tidal movements on the whole coastline between Lynn and Blakeney.
As a basis for future experimental work, it may be suggested that the downward spread of Phanerogams existing on the upper marshes is limited by the increasing number of submergences, whilst the upward spread of phanerogams existing on the lower marshes may be limited by the increasing degree of exposure.
III. THE WATER-TABLE, SOIL AERATION, AND DRAINAGE
Introduction
In Section II an analysis of tidal phenomena on salt marshes is presented, and it is now proposed to study in more detail the operation of the tides upon the physical characters of the environment. The water-table was selected for primary investigation because the water supply is of fundamental importance to plants. Although much research has been done on the ecology of salt marshes, so far no real quantitative evidence has been collected to determine what changes, if any, take place in the soil water-table of the marshes, and whether such water movements can be correlated with the rise and fall of the tides. An adequate water supply is essentialfor the satisfactoryperformance of the physiological processes of plants, whilst if too much water is present the soil becomes waterlogged, conditions may become anaerobic, and only certain plants can thrive. The water supply of an area is therefore of great importance in an ecological investigation, particularly so in an area of salt marshes, which are frequently subject to tidal influences. Theoretically, the ideal conditions for such an investigation would be a series of marshes arranged in increasing height above mean sea-level, each supplied by a branch from a main creek. This ideal is expressed diagrammatically in Fig. 6 , where the highest marsh will be at the level of the highest spring tides, because slow mud deposition still continues at the highest level reached by the tides. A certain amount of "settling " on older marshes may, however, render their differences in height over slightly younger marshes almost negligible. Of these marshes A is the youngest and would be a bare sand or mud flat with some plants of Salicornia spp. An examination of these diagrams suggests that the movements of the water-table in the different marshes would not be similar. The lower the marsh the more frequent the tidal inundations and hence the greater would be the waterlogging of the soil. Also, the depth of mud present will be greater on older marshes and this will affect the rate of drainage. The conditions of existence, therefore, on the lower marshes would, in general, be expected to be more adverse to plant life than those on higher marshes.
160
The behaviour of the tide in relation to salt marshes may be considered under two heads.
(a) Access of water to a marsh.
(b) Removal of water from a marsh.
Access of water to a marsh At low tide the sea will be absent from the greater part of the creek systems, because most of these do not descend below mean sea-level, and hence only drainage water and water from springs will be left in the creeks. As the tide rises it enters the creek systems and major and minor creeks are gradually filled. When the tide enters the creeks lateral seepage of water through their walls becomes a possibility. The rate of this seepage, however, will depend upon a number of factors, of which the chief will be the texture of the marsh soil. A marsh built up of mud will offer a high resistance to the subterranean passage of water, whereas a marsh whose soil consists of sand or shingle layers at different depths, will provide, through these layers, a path of easy movement for the water. The Norfolk salt marshes are built upon a sand or shingle foundation, and wherever either of these is exposed in a creek lateral seepage will be facilitated. Usually the younger the marsh the greater the exposure of sand, whilst with increasing age the mud deposit becomes thicker and thicker over the sand. This mud covering along the creek banks must alter to some extent the rate of lateral seepage.
Apart from the geological composition, the time of commencement of lateral seepage into the marsh will be determined by the height of the watertable in the marsh in relation to that of the tide. Seepage will only commence when the height of the tide in the creeks is greater than that of the marsh water-table. Until this state is reached water will continue to drain out into the creeks. The greater the height of the tide above the water-table, the greater should be the rate of lateral seepage. The water entering the soil will replace air in the pores, and the lateral seepage will be facilitated if this air can escape fairly readily, but if it cannot, then the seepage will probably be largely replaced by a pressure transmission. The extent of the subterranean area affected by lateral seepage will depend upon:
(a) Distance apart of the creeks. The water movement being greatest in areas close to the cieeks.
(b) Size of the creek. The larger and deeper the creek the greater will be the area exposed through which lateral seepage may occur. The importance of this factor is ultimately determined by the texture of the marsh soil.
(c) Height of the marsh above mean sea-level. The higher the marsh the longer will it take for the creeks to be filled, and seepage will also be slow because of the mud covering to the creek banks. On low marshes the seepage will be relatively greater because much sand will still be exposed. Although the tide will flood a low marsh long before it floods a high marsh, some lateral seepage will still continue in the former even after it is flooded. This is rendered possible because the stiffness of the surface mud makes downward drainage from the flooding tide very slow, and hence the principal water movement will still be lateral. In contrast to the above, marshes built of soft mud will become saturated almost immediately when flooded, both from above and laterally.
Finally, depending upon the size of the tide and the height of the marsh, the creeks become full and the marsh is flooded. The lowest marsh (marsh A in Fig. 6 ) will be flooded first, and as the water covers the marsh the rate of rise will become slower as a larger area is available over which the water can spread. Marsh B will be the next to be flooded and so on. Field observations show that the time of high tide on a marsh depends upon the position of the marsh in relation to the foreshore. If there is a big spring tide the ebb will have occurred on the foreshore a considerable time before it begins on marsh D. A shorter interval elapses between the turn of the tide on the foreshore and on marsh B. There is therefore a well-marked lag between points at different distances from the open sea. This lag in time may be as much as 45 min. with a big spring tide, whilst with a neap tide it may be negligible. The presence of a lag indicates also that a gradient of water must exist from the higher marshes to the mouth of the main creek, but no figures are available to illustrate the magnitude of this gradient.
As salt marshes are generally of a relatively uniform height the time of flooding of a marsh is more or less sharply defined, a feature that should be contrasted with the ill-defined time of emergence of the marsh surface during the ebb.
Removal of waterfrom a marsh
With neap tides the phases of removal of water from a marsh are similar to the later stages seen in the ebb of a big spring tide, and hence need not be recapitulated. During a flooding tide the first phase in the ebb is the removal of the bulk of the surface water by superficial drainage into the creek systems. In this process miniature waterfalls are abundant along the edges of the creeks where they tend to cut away the sides, and these waterfalls are probably the principal agents in widening the creeks on the Norfolk mnarshes. Because of slight depressions in the ground some water is left in pools, and for this reason the time of exposure of the marsh is not so clear cut as that of submergence. The water left in the pools disappears through evaporation and downward drainage. The rate of its disappearance will be determined by the season of the year (which controls rate of evaporation), the humidity of the air, and the number of flooding tides that have preceded the one under consideration. The greater the number of preceding tides the longer will the pools persist, because the ground is approaching more and more towards saturation. The downward drainage of this water, however, will result in a gradual rise of the soil water-table during the spring tide periods.
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Until the height of the ebbing tides in the creeks has fallen below that of the soil water-table, lateral seepage into the marsh through the creek walls will continue. Once the tide has fallen below the height of the soil water-table then outward drainage from the marsh into the creek will begin and continue until the next tide. The rate of this outward drainage will depend upon the same factors that influence lateral seepage into the marsh.
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The general drainage of soil water will be expected to follow the lines of least resistance, and the presence of shingle, or shingly sand, provides such outlets. Since the marshes are above sea-level it may be expected that several lines of subterranean drainage will be open, in contrast to the superficial drainage which is conducted directly into the nearest creeks. Areas near creeks will drain gradually into them, but of the other areas, those nearer the main creek will drain into it via the lateral shingle ridges, whilst areas nearer the foreshore will drain directly into the sea via the lateral ridges and the shingle underlying the dunes.
The salt marshes of Scolt Head Island, although not arranged in an ideal sequence, conform closely to the theoretical set postulated above (cf. Fig. 7) . At Scolt, it is possible at low tide to see drainage taking place all along the foreshore at the base of the shingle ridge bearing the main line of dunes. The lines of lateral drainage over a Norfolk marsh may therefore be expressed as in Fig. 8 .
The soil
The movements of the water-table depend upon the composition of the marsh soil and also upon the physical properties of its different strata. A detailed geological study has been made of the salt marshes of Scolt Head Island (Steers, 1934) , and this has shown that the marshes are very variable in composition. There is a varying depth of silty surface mud which may lie on top of sand or on a clay-mud deposit. Occasional deep pockets of a very stiff clay are encountered, and it was also observed that the surface mud stratum thickened near the creeks. This is to be expected because mud deposition takes place here more rapidly; it must therefore have a major influence upon the rate of lateral seepage. The shingle ridges extend much further under the marshes than would be supposed from surface indications, and this opens up lines of drainage over a far greater area than might at first be expected. The rate of movement of the water-table will vary greatly, therefore, depending on whether the strata is composed of sand, shingle, or mud.
Although the pore space of a clay soil may be 50 % that of the total volume whereas that of sand may be only 30 %, the flow of water will be more rapid in the latter. This is because of the great resistance offered to water movement by clay soil capillaries in contrast to the relatively larger channels of the sand strata. It is evident, therefore, that resistance to flow is a more potent factor than pore space. A study of the resistance offered by the various strata was made by taking samples of soil at different depths on one marsh, and pressing a straight tube (diameter 11 in.) into each sample until it contained a continuous layer of soil, 2 in. in height. A measured head of water (1 in.) was put on top of the sample and the time required for the first drop to appear was taken as measuring the rate of air displacement (A.D.) . When the rate of dropping was constant the number of drops falling per unit time was alsQ noted and its Stutdies in Salt-nmarsh Ecology reciprocal taken as a measure of soil resistance (R.). The method is somewhat primitive and not free from errors but it nevertheless indicated that the clay mud had the greatest resistance whilst the surface. mud often had nearly as much. The actual results are set out in Table VI . Any water-table movements in salt marshes must be considered in close relation to the structure of the soil and its physical properties.
Technique
The investigation was commenced by using pits dug into the marshes at strategic points. These were soon abandoned because they filled up at flooding tides, and subsequent drainage was so slow that they did not give any true indication of the absolute height of the water-table. During neap tides, however, their results confirmed those obtained by other methods. In order to escape the difficulties created by flooding, tubes were sunk into the marsh with their lower portions perforated to allow the access of water. Measurements of the water movements were made by means of graduated cane sticks. These tubes gave more exact results, but as time went on it was realized that Insulated wire two errors were involved.
(a) The water movements depended on whether the perforated portion was situated wholly in a sand or clay stratum or penetrated both. The holes, also, were apt to Plug become choked with clay mud.
(b) Evidence accumulated which suggested that the _-Bare wire upward movem'ents of the water in the soil took place against a pressure exerted by the air enclosed in the sur-X face clay. The tubes, by opening up an outlet to the Wood plug surface, reduced this pressure and water movements took place more rapidly and to a greater extent than in the FIG. 9 . Electrical recoruntouched soil.
der. A plug on a strong
The tubes were finally used in conjunction with steel wire closed the lower hole when inelectrical recorders of the type illustrated in Fig. 9 . These serting recorder into were used singly or in a series plunged to different depths. soil. This was then It can be appreciated that their structure and modus replaced by the centre electrode.
operandi obviated the two errors inherent in the tubes. During the process of inserting the recorders into the soil a plug was lowered to the base of the tube so that soil could not block the lower opening. When a tube had been forced down to the required depth the plug was withdrawn and the centre electrode put in place. A voltmeter and 6 V battery completed the circuit, the voltmeter recording the precise moment when the water made contact with the bare wire at the base of the tube. 
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The pits, tubes, and recorders were distributed on the marshes at measured intervals, usually at right angles to a creek so that the lateral seepage could be readily measured.
Non-flooding tides In order that the tides may produce any effect on the level of the watertable of a marsh they must rise to a certain height, and the more they rise _ES T72 T73 IG. 10. Plover marsh, near main creek. Evening tide, 27 June 1934. E 5 recorded at 7.30.
E1 and E2 flooded before recording. A=3definite aerated layer, B-probable extent of aerated layer.
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above this initial level the greater will be the effect upon the water-table.
The absolute height of this initial level for any given place on a marsh will depend upon four factors.
(i) The distance from the creek. The nearer the area is -to a creek the greater will be the effect on the water-table, and the sooner will the influence of the tide be felt, assuming that the soil structure is homogeneous throughout.
(ii) The size of the nearest creek. It is reasonable to suppose that the larger the creek and the more water it contains the greater will be any effect upon the water-table, so long as lateral drainage into the marsh is correlated with inflow along the creek.
(iii) The height of the marsh. The lower the marsh the more often will the water rise to heights that will influence the water- (iv) Strength and direction of the wind. The effect of wind is to render the water-table of an area liable to tidal influence on days when it would not normally be affected, and vice versa.
The use of pits and tubes indicated that the water rose slightly during the period round about high tide, the extent of the rise being a function of distance from creek and maximum height of the tide. The use of the electrical recorders confirmed these earlier experiments. On 26 June 1934, although the tide rose to + 2 04 ft. I.Z.L., recorders E 1 to E 5 (Fig. 10) were not affected. On the next morning, when the tide rose to +2-21 ft. I.Z.L., only El gave a record. It may be stated, therefore, that during non-flooding tides there may be a rise in the soil water-table during the time the rising tide is in the creek, the rate and magnitude being dependent upon the factors described previously, and also that there will be a lag in the rise of the soil water-table due to the soil resistance.
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The results from both the pits and tubes were analysed in order to determine their relationship with the tidal movements. Allowance was made for the observed time lag of individual tubes, and then the rise and fall of the water in each tube or pit was plotted against the rise and fall of the tide as indicated by pit 48 (a stake in the main creek). The resulting curves were composed of two portions, one corresponding to the flood tide and one to the ebb. All the curves conformed to a general type similar to that shown in Fig. 11 . The conclusion is that the relationship is not absolutely linear, but in practice the error will not be great if the relationship is regarded as linear.
Flooding tides The use of the electrical recorders revealed the fact that at flooding tides, even when the tide was actually covering the marsh, the soil water- In Fig. 10 is depicted the conditions existing at high water near a creek on one of the Scolt Head marshes. E 5 recorded, whilst E 4 and E 3 did not record at any period. The area bracketed A was therefore free from a continuous watertable, and this area probably extended downwards to that marked B. Fig. 12 illustrates a similar condition for the same marsh but at some distance from the creek. Area A again represents the observed aerated layer whilst B marks its probable extent, because E 10 was flooded from above before it recorded. Fig. 10 also demonstrates the relative difference of movement that can take place in a tube which has its perforations in sand (T 73) as compared with one in clay-mud only (T 72). Similar results were obtained from a number of other marshes. Fig. 13 shows some that were obtained from a mainland marsh near Brancaster Staithe. A-C represents the observed boundary of the aerated layer because T84 remained dry throughout.
The aerated layer
Further proof of the existence of an aerated layer has been obtained from other sources. Its existence, previously unknown, may be of the utmost importance in understanding how plants can live on salt marshes, especially species not normally regarded as halophytes (e.g. Phragmites).
(1) If, during a flooding tide, a stick is pushed for a few inches into the surface mud and then withdrawn, bubbles of air appear. This result is obtained equally well after a number of flooding tides, so that the aerated layer persists throughout a spring tidal cycle. After a period of dry weather when the soil becomes cracked, bubbles of air also appear from the cracks as soon as the tide covers the marsh.
(2) The same experiment carried out on the Merse lands of the Nith estuary (Morss, 1927) provided similar results, which at the time were regarded as indicating the presence of a lower aerated layer.
(3) The use of manometers on a number of marshes not only indicated the presence of an aerated layer, but also demonstrated the fact that at a flooding tide the air in this layer undergoes compression. Fig. 14 illustrates results from three manometers' which were put down a few inches from a large creek. The diagram records the readings obtained on 27 June 1934, during the evening tide. Only a final reading was obtained from M2 because it recorded very rapidly during a short absence to read other instruments. It will be noted that the manometers recorded in the sequence that would be expected, the lowest starting first. At high water no record was obtained from E 6 so the soil water must have been below the lowest of the gauze cylinders. Fig. 15 sets out the results obtained on two successive days from three manometers put down in a Juncetum on a mainland marsh. On 26 July, M1, the lowest, recorded the steepest rise and ultimately overflowed, whilst M 2 and M 3 followed very similar curves. All three manometers show the tidal influence again on 27 July but the intervening tide had brought about a separation of the initial values.
(4) If two tubes are sunk so that the perforations of one are in the surface mud layer and those of the other in the sand layer, then at a flooding tide a large range of movement is recorded in the second tube and little or none in the first (cf. Fig. 10 ).
(5) Some of the expelled air was collected directly into sample tubes containing equal volumes of glycerine and saturated salt solution. With experience the technique does not permit the air to remain long in contact with sea water and hence any C02 absorption will be reduced to a minimum. These samples were analysed by Miss Conway at Cambridge. One set (samples A-C) was obtained by collecting samples at 4 yd. intervals in a line at right angles to a creek. The full results are shown in Table VII . These figures demonstrate the fact that the gas enclosed in the surface layers of the marsh soil has a fluctuating composition, not only from marsh to marsh, but also in a single marsh. The high CO2 content of some marshes may be of significance, but at the same time there are also marshes with a very low oxygen content. Similar results have also been obtained from gas expelled from the soil of New England marshes. (6) An experiment was set up to reproduce the conditions on a marsh at a flooding tide. It was of the type shown in Fig. 16 . With a big head of water (8 in.) in the funnel there was very little water movement in the sand, and the only air expelled came through a cut-off Limoniurm root. The water level in the funnel changed but very slowly, and this was partly due to evaporation. It was evident, however, that most of the air was contained in the loculi formed by the decay of old roots, and such loculi could be seen through the glass tube. The presence of these loculi with occluded gas probably explains the low oxygen values cited above, and also why such large bubbles can be obtained by poking a stick into a clay soil.
(7) Prof. T. G. Hill informs me that he also has seen the bubbles issuing from the marsh surface during a flooding tide, giving an appearance to the water of a "magnum of Champagne".
Root systems
When the existence of the aerated layer had been fully demonstrated, the immediate concern was to ascertain whether the distribution of the root systems were correlated with the layer. Since it was impossible to extract the root systems intact because of the stiff clay soil, cubical samples of soil measuring 4 in. on a side were taken at successive depths, crushed up in water, the roots filtered off, dried, and weighed. The root distribution in eight marshes was investigated in this manner and two typical results are shown in Fig. 17 . It is clear that the bulk of the roots are associated with the surface mud layer. Two theories present themselves for consideration:
(a) The distribution of the roots is directly associated with the aerated layer.
(b) The roots of the plants occur naturally near the surface and so the correlation has no significance. However, the root distribution on the various marshes follows the surface mud strata so closely that it seems to be more than a coincidence. If (a) is the correct interpretation it will then be necessary to determine whether the plants have brought about the presence of the aerated layer through their decaying roots, or whether the mere accumulation of the stiff mud is sufficient. It is probable that the latter is correct to some extent because there are bare areas from which gas can be liberated, not only on the open marsh but also in salt pans.
Spring tidal cycles
Long-period observations were made on a number of marshes in order to determine the changes of water level throughout several tidal cycles. In practice the "spring-neap" cyclic fluctuations have the diurnal fluctuations (which have already been described) superimposed upon them. From the mass of evidence available (too bulky to quote in full), it is clear that there is a normal downward gradient of water towards each creek, but this gradient may be obscured temporarily during a spring tide. The water-table usually shows rather a sharp rise towards the period of maximum spring tides and then falls off gradually until the next series. The spring tidal cycles in Norfolk are of two kinds; lesser spring cycles occurring once a month, during which the highest tides do not attain 27 ft. Hull datum, and major spring cycles alternating with the lesser cycles and also occurring once a month. The general water-table of the higher marshes is usually unaffected to any extent by the lesser cycles except for diurnal movements near creeks. Depending upon the height of the marsh, there is a certain critical height which the tides must reach before they exert a permanent influence on the water-table, as apart from the purely temporary diurnal changes. There is usually a distinct permanent gradient into the shingle laterals bordering each marsh (Chapman, 1937) . This confirms the theoretical expectations set out at the beginning of this section. The effect of rainfall on the movements of the marsh water-table appear to be negligible along this stretch of coast. Godwin & Bharucha (1933) showed that on Wicken Fen during the summer months plant transpiration largely controlled the level of the watertable. There is no evidence of such control on any of these Norfolk marshes as yet, and it seems as if any transpiration effects must be masked by the tidal phenomena.
CONCLUSIONS
The water-tables of the Norfolk salt marshes are subject to two distinct influences:
(a) Diurnal movements induced by the daily tides.
(b) Cyclic movements induced by the spring tidal cycles.
(a) is only observed within short distances of creeks because of the soil resistance, whereas (b) can be traced over the whole marsh. The various features associated with the movements can be summarized as follows:
(1) During the flooding and non-flooding tides there is a marked rise and fall of the water-table in the sand stratum below the surface mud. The range of this movement is greatest near creeks and diminishes with increasing distance from them.
(2) An aerated layer is present in the surface mud and sometimes in the upper sand level also: this layer does not disappear during the spring tidal cycles, but the enclosed air may undergo compression. The heights of the previous tides, together with the depth of mud, are important factors in determining the extent of this aerated layer.
(3) The bulk of the enclosed air is probably contained in cavities left by decaying roots in the lower strata of the surface mud. The occluded gas does not have the same composition as atmospheric air, and it is probable that entrance and admixture of atmospheric air into the soil is difficult because of the physical nature of the mud.
(4) The principal factors determining the daily movements of the watertable are as follows:
(a) The height of the previous tide. This has already been shown to determine the initial height of the water-table, and is especially important at flooding tides.
(b) Resistance of the strata. The movements of the water will be greater in some strata than in others, depending on the relative resistances.
(c) Strength and direction of the wind. This acts indirectly in so far as it affects the height, not only of preceding tides, but also of the tide under consideration.
(d) The height of the tide under observation.
(e) The height of the marsh upon which experiments are being conducted.
(f ) Distance from the creek and size of the creek. The nearer the creek the greater will the movements tend to be, and the larger the creek the greater will be the area influenced.
(g) The difference in height at any moment between the tide and the water-table.
(5) The movement of water in the soil will take place along the following lines:
(a) Lateral seepage. The rate of lateral seepage will depend on soil resistance and also upon the distance from the creek. So long as the tide in the creek has access to a sand stratum there will be considerable lateral seepage into the marsh. Such seepage will occur during both the flood and ebb tides but in opposite directions.
(b) Downward drainage. This takes place everywhere and at all times, even during flooding tides, though at such periods it may be masked by lateral seepage. The rate of downward drainage into the various strata is determined largely by soil resistance.
(c) Surface evaporation. This factor only comes into operation during and after a flooding tide. The extent to which it may influence the volume of water that might drain into the soil is dependent upon the time of year and the type of day. On a fine day in midsummer it might play a very great part in the removal of residual water from a marsh.
(d) Transpiration. This factor appears to be masked by the tidal phenomena, even in the summer months.
(e) Surface flooding. This is a means whereby many tons of water are carried over a marsh in a very short space of time. The frequency with which this phenomenon occurs will be dependent upon:
(oc) Height of the marsh. Note. It must be remembered that these results have been obtained from the series of marshes between Brancaster and Burnham Overy on the north coast of Norfolk, but it is probable that they are valid for all the marshes between Lynn and Blakeney, and possibly also for those on the Essex coast.
